We used 35S-labeled cRNA probes to localize the sites of a-lactalbumin, a-Sl-casein, and laaoferrin mRNA synthesis in sheep and forcibly weaned cattle mammary tissue. Expression of a-lactalbumin was absent in three of four "virgin" glands studied, present in some alveoli of "pregnant" glands but not in others, despite a similar histological appearance. In the early lactating gland, expression was high in those alveoli with few fat globules in their cells and lumen and was absent in alveoli with abundant fat globules. These observations suggest either that a-lactalbumin gene expression is linked to the long-term seaetory activity of cells and falls once cells are resting or regressing, or that there are cyclical variations in expression, or that in the lactating Correspondence t~: Adrian Molenaar, Molecular Biology, MAFTech, Ruakura Agricultural Centre, Hamilton, New Zealand. gland some groups of epithelial cells are synthesizing a-lactalbumin and some are synthesizing fat. Enpression patterns of adl-casein were similar to those of a-lactalbumin. Lactoferrin, in contrast, was expressed almost exclusively in the "fatty alveoli" of both species. Our results show that dramatic variations in milk gene expression can OCCUI throughout the mammary gland of sheep and cattle and that at no stage of pregnancy, lactation, or involution can the gland be considered metabolically homogeneous. (J I-iiktochem Cytochem 40:611418, 1992) 
Introduction
The mammary gland is a complex organ both in structure and function. After pubertal mammogenesis it undergoes three physiological transitions during a lactation cycle: from involution to colostrogenesis, to lactation, then back to involution. Marked changes occur in mammary gland size, structure, and secretion as the gland progresses to or from a state of active milk synthesis (33). An obvious question to ask is what happens to the expression of various milk protein genes during this time, and several investigators have indeed performed such studies (3,27,28,39). In general, the methodology has been based on the extraction ofmRNA from total mammary tissue so that the levels of gene expression being measured are actually the average for the whole tissue, and heterogeneities would not be detected. More recently in situ hybridization has been used, and although this is capable of detecting tissue-to-tissue and cell-to-cell variations in gene expression, the detection of such differential expression per se does not seem to have been the primary aim of most investigators. For example, a study of a-casein (21) neither set out to detect nor to comment on variations in mRNA levels throughout the mouse mammary gland.
The present study is aimed explicitly at addressing the possibility of heterogeneous expression of milk protein genes in the mammary glands of ruminants. We have chosen ruminants for three reasons: first, their economic importance; second, the availability of comprehensive data on the mammary (histology, milk component production, and hormonal response both at different stages of the lactational cycles and in different breeds); and third, the comparative ease of getting relatively large amounts of tissue, even from the nulliparous gland.
Initially, we reviewed the literature on milk production in the mammary gland to ascertain whether or not there is some kind of consensus viewpoint on the production of the various components of milk by individual cells. The general assumption does seem to be that all active cells in the mammary gland produce all components of milk, a conclusion that is based on ultrastructural studies and observations on cell membrane turnover related to fat globule membrane loss and encapsulated protein exocytosis (5,20,29,40). More recent studies suggest that the rates of membrane removal/ replacement are unequal and, in the bovine, 200 times more membrane may be made for protein encapsulation than is lost in the budding off of fat globules (26). None of these studies, however, is definitive when it comes to the examination of individual genes and proteins.
In the present study we chose to investigate a-lactalbumin be-61 l cause of the role of this protein in regulating lactose synthesis via its function as an effector molecule in the lactose synthetase enzyme complex (8, 22, 26, 38) . Lactose synthesis is believed to regulate milk volume and epithelial secretory activity (20, 29) , so we felt that synthesis of a-lactalbumin might well correlate with the well-known and much-studied variations in the histology of the gland (16, 39) . Comparative studies were also made with a-SI-casein and lactoferrin, the expression of the latter gene being associated with involution (43). P-Cytoplasmic actin was used initially as a control to check the integrity of the sections. It was expressed more highly in the "fatty" alveoli than in the "non-fatty'' alveoli. We report that expression of these genes in sheep and cattle changes dramatically with lactational status, is not uniform throughout the tissue, and varies in different types of secretory alveoli.
Materials and Methods
Tissues. Strips of mammary tissue approximately 1.5 cm thick by 3 cm wide and extending from the teat to the base of the gland were taken from four virgin, two 14-day prepartum, and four 1-week postpartum, lactating Coopworth ewes (which were kept with their lambs until the time of sacrifice). Pieces measuring approximately 1.5 x 3 x 3 cm were taken from the cisternal and other representative areas of udders from lactating beef cattle at various times (up to 25 days) after the last suckling. These samples were removed from the animals immediately after exsanguination according to the Ruakura Agricultural Centre's ethical guidelines and were fixed for one day in phosphate-buffered formalin. Tissue-Tek (Miles Australia Ltd; Victoria, Australia) cassette-sized slices 2 mm thick were then cut from the outer surface of the fixed material and wax-embedded using standard histological methods.
In Situ Hybridization. In situ hybridization was performed essentially by the method of Ohlsson (34, 35) . Briefly, serial 5-pm sections were cut, floated onto 0.2% gelatin in water, and mounted on clean slides, two to a slide with one section at the center and the other towards the distal end, dried at 37-5OoC, de-waxed, and then permeabilized by incubation in 0.2 M HCI for 10 min, neutralized in 2 x SSC (0.3 M NaCI, 0.03 M Na-citrate) for 30 min, followed by a 15-min incubation with 2.0 pglml proteinase Kin 0.2 M Pis-HC1, pH 7.2, 2 mM CaC12 at 37°C. For the hybridization, 10 pllun of pre-hybridization mix (50% formamide, 2 x SSC, 0.15 M NaCI, 0.2 mglml E. ditRNA, 1 mglml degraded herring sperm DNA, 0.1 mglml BSA. 10% dextran sulfate, 0.2 M MT) was spread over the dried sections and incubated at 50°C for 30 min. This was replaced with 5 pllcm of the hybridization mix, identical to the pre-hybridization mix but containing 1-50 x lo3 cpmlpl of anti-sense probe, on the central serial sections. As a negative control, hybridization mix containing sense probe at a slightly greater radioactive concentration than the anti-sense mixture replaced the pre-hybridization mix on the distal serial sections. Incubation was continued overnight at 5O'C. Slides were then washed in two changes of 50% forma-midel2 x SSC at 52°C for 5 and 20 min, rinsed three times in 0.2 x SSC at RT, once in 2 x SSC at RT, incubated in 100 pglml RNAse A, 1 pglml RNAse T1 in 2 x SSC for 15-30 min at RT, washed again in 0.2 x SSC several times with gentle agitation, then dehydrated in ethanol and airdried. All washes contained fresh 10 mM P-mercaptoethanol. After initial screening by exposure under Kodak XAR-5 film to assess signal strength, autoradiography was performed for 3-5 weeks, as specified in the figure legends, with Kodak NTB-2 or Ilford K5 emulsion diluted 1:1. Slides were stained with rapid hematoxylin and eosin.
RNA Probes. A 700 base-pair a-lactalbumin cDNA insert (14) was excised and cloned into the Invitrogen expression vector pRclCMV in both orientations. The 761 base-pair EcoRllPst fragment of the bovine a-S1-casein clone pC184, a gift from Tony Mackinlay (46), was excised and cloned into the Promega vector pGem3zf+ vector. PM-8, a kind gift from John Tweedie (25), contained approximately 704 BP of the bovine lactoferrin cDNA in pGem2. Sense and anti-sense RNA transcripts were synthesized from linearized templates using the Promega riboprobe kit (Promega; Madison, WI) with 0.4 pg DNA and were labeled with 2.5 p1 [3'S]-UTP >lo00 Cilmmol-' (Amersham; Poole, UK) (25 pCi). Transcripts were DNAsed, precipitated, and stored frozen in 20 mM DTT at a radioactive concentration of approximately lo6 cpmlpl. Sense transcripts were used as a negative control to identify artifacts caused by nonspecific binding of the probe. They were similarly labeled and had the same sequence as the target "As, so were unable to anneal to them. In these experiments the sense transcripts gave a very low and nonspecific binding over all tissues (data not shown). A human cytoplasmic P-actin probe (700 BP EcoRV-Ball fragment of the 2 KB human P-actin cDNA (5,36) in pGem3) was used as a positive control to check that RNA was present in an intact, detectable form in the sections.
Immunohistochemistry. Immunohistochemistry was performed on serial sections from the same blocks as used in the in situ hybridization studies, with a human a-lactalbumin antibody (19) according to the method supplied with the Dako reagents (Dako; Carpinteria, CA), with the exception that the slides were incubated in 0.01% trypsin in 0.14% CaC12, pH 7.8, for 5 min. The antibody was used at 1:lOO dilution and was detected with aminoethlycarbazole. As negative controls, the adjacent section was subjected to the same treatment but the antibody was omitted. No color reaction was seen in these sections.
Results
In three of the four sheep nulliparous glands examined, no a-lactalbumin expression was detected (see, for example, Figures 1A and ID). To rule out the possibility of some artifact with this tissue, a 0-actin probe was used as a control. P-Cytoplasmic actin is a cytoskeletal element present in all mammalian cells (l), its mRNA being found in all viable cells and, as this gave a signal (small black grains reveal the presence of specific d N A ) (Figure lB), we concluded that the a-lactalbumin gene really was switched off. However, in the fourth nulliparous mammary gland that we tested, expression of a-lactalbumin was seen ( Figure IC) . The reason for this unexpected result was not clear, but perhaps a clue is given by the histology, which showed the presence of fat droplets in the alveoli. It is possible that this animal was sampled at the proliferative stage of the estrous cycle (10, 39, 44) .
In the mammary gland from pregnant sheep (Figures lE, IF, and IH), distinct areas of a-lactalbumin gene expression were seen. These areas were distributed in a seemingly random fashion. Histologically, it was difficult to see any consistent differences between expressing and non-expressing cells and alveoli. In some areas, expression occurred in clusters and regions of whole alveolar lobules, whereas in others only single cells were involved. The a-SI-casein gene ( Figure 1G ) was likely to have been expressed in the same cells as a-lactalbumin, although the lack of a true serial section result makes it difficult to be sure. a-Lactalbumin mRNA was not detected in the ducts.
To check if a-lactalbumin protein was present in the same cells as those expressing the mRNA, we used immunohistochemistry. In general, there appeared to be greater aminoethlycarbazole color deposition on cells and alveoli in which a-lactalbumin mRNA was detected (Figures 1E, lF, and 2A, 2B). Luminal contents reacted (A) Hybridized with the a-lactalbumin anti-sense probe at an RC of 37,000 cpmlpl and exposed for 3 weeks. (6) lmmunohistochemically stained with the a-lactalbumin antibody. (C) Hybridized with the a-S1-casein anti-sense probe at an RC of 36,000 cpmlpl and exposed for 3.5 weeks. (D) Hybridized with p-cytoplasmic actin anti-sense probe at an RC of 40,000 cpmlpl and exposed for 3 weeks. Hybridized with the a-Slcasein anti-sense at an RC of 37,000 cpmlpl and exposed for 3.5 weeks. (H) Hybridized with the bovine lactoferrin anti-sense probe at an RC of 18,000 cpmlpl and exposed for 3.5 weeks. Arrows point out cells in which a-S1-casein expression is diminished and lactoferrin expression is elevated. Bars: A-D,G,H = 100 pm; E,F = 1 mm. uniformly to the antibody, even in alveoli lacking a-lactalbumin mRNA. In tissues from the other pregnant ewe, expression of a-lactalbumin was higher and more uniform, although still variable. Many of the alveoli were distended and looked more like those of Stage 2 lactogenic alveoli (7), except for the presence of many fat globules (data not shown). This animal was closer to parturition than insemination records indicated.
In lactating tissues taken from sheep 1 week after lambing, a somewhat different pattern of expression of the a-lactalbumin gene was present. Thus, in the example shown in Figure 2E it can be seen, even under low power, that the section exhibits strict sectoring of expression, with similar types of secretory cells expressing at similar levels. Under higher magnification (right side of Figure  2A) , it was clear that the central area of the section shown in Figure  2E was not expressing a-lactalbumin mRNA. It consisted of alveoli with an abundance of fat globules in the lumen and the apical poles of the epithelial cells (fatty alveoli). There was size variation among different groups of alveoli (Figure 2A-2F ). Grossly distended alveoli ( Figure 2E . white arrows) may, however, simply be due to ductal blockage. The heavily labeled (black) regions of this same section depict another type of alveolus. Notably, these had few fat globules in the lumen and in the cells. Their lumens were often absent, presumably because they were less dense and, with less protein to be cross-linked by the fixative, were more likely to be washed away during processing. High expression of a-lactalbumin mRNA was detected in these alveoli, and even at low magnification it was apparent that there was an inverse relationship between luminal area and expression, in that there appeared to be a slightly higher expression in thick-walled alveoli with little lumen. It should be pointed out that there was some variation in the ratios of "fatty" to "non-fatty" alveoli between the lactating sheep. For example, in the animal shown in the photomicrographs, the ratio was high (around 20%), whereas in two others the ratio was low (NO%), and in the last animal very few were found. Incidentally, this latter animal differed from the others in that its mammary gland had a few distended alveoli containing many fat droplets, and a-lactalbumin mRNA was detected in their cells. Cytological studies have shown that the epithelial lining of the ducts can secrete some of the components of milk (39). These data were supported by the detection of a-lactalbumin mRNA in the mammary ducts of all the lactating animals. It occurred predominantly in the single-and double-cell-layered ducts in extensive areas and in single cells but was rare in multiple-cell-layered ducts, particularly in the large cisternal regions (data not shown).
In general, there was a good association between the localization of a-lactalbumin protein by immunohistochemistry and that of the mRNA by in situ hybridization in lactating animals ( Figures  1F and 2B) . On close examination of Figure 2B it can be seen that the antibody staining on the a-lactalbumin mRNA-containing alveoli is not uniform and that not every epithelial cell is positive. It is difficult to explain this, given the uniformity of mRNA detection. If this variation is an artifact it may be due to increased resolution of the antibody detection system or to decreased sensitivity compared with the in situ hybridization. The epithelium of the "fatty alveoli" gave a comparatively low signal, although some was seen in the associated luminal fat globule membranes. This was probably due either to residual a-lactalbumin bound to the milk fat globule membrane-attached galactosyl transferase (2,40; and Colin Prosser, personal communication) or to a-lactalbumin in the small amount of proteinaceous lumen present between the milk fat globule membranes.
Other Gene Expression
In contrast to the pattern of a-lactalbumin expression shown in Figure 2E , &actin expression was higher in the alveoli containing fat globules than in the alveoli not containing fat globules ( Figure  2F. ). This indicates that although the former cells were not making a-lactalbumin they were still active. Disruption of cytoskeletal elements, of which P-actin is apart, occurs in both secretion (18, 23, 29) and involution (13) . Alternatively, we could be looking at an accumulation of P-actin mRNA in the "fatty" alveolar cells which results from the inhibition of protein synthesis (37).
In the "exceptional virgin," pregnant, and lactating animals, high expression of the a-SI-casein gene appeared to be in the same cells as were expressing the a-lactalbumin gene (Figures 1G and 2C ; and data not shown). The picture in the involuting gland was similar, but there was some suggestion that a-lactalbumin gene expression was switched off a little earlier than that of the a-SI-casein gene. A true serial section is needed to confirm this. Observation with darkfield optics of sections from the involuting glands revealed that a small amount of a-SI-casein mRNA was present in the "fatty alveoli" (data not shown).
In contrast to both a-SI-casein and a-lactalbumin gene expression, lactoferrin was highly expressed in the "fatty alveoli" (lower 1 cm of Figure 2H ) and usually not in the alveoli expressing a-lactalbumin. The mechanism that switches a-SI-casein (and a-lactalbumin) off and lactoferrin on is exquisitely controlled, as evident in Figures 2G and 2H , which show two consecutive slides, the first probed with a-SI-casein and the second probed with lactoferrin. The arrows indicate areas at which expression of one gene appeared to be decreasing and the other increasing. Lactoferrin mRNA was not detected in the leucocytes (the cells seen in the lumen of "fatty alveoli" (Figure 2H ).
Even in very late involution, isolated foci of a-lactalbumin and a-SI-casein gene expression can still be found. In one slide (not shown), strong expression of these genes was seen in an alveolus containing leucocytes. The presence of leucocytes is indicative of involution or mastitis, but since the tissue did not look inflamed mastitis was unlikely. The vast majority of this tissue showed no expression of the a-lactalbumin and a-S1-casein genes and high expression of the lactoferrin gene.
Discussion
In the gland from pregnant ewes, a-lactalbumin expression was found in some secretory alveoli but not in others with a similar histological appearance (containing milk or colostrum and fat vesicles). In many alveoli expression was seen in only a few or none of the epithelial cells. Although the cell areas staining with the antibody were very similar to those expressing mRNA, it was of interest that all luminal contents reacted weakly. This implies that the a-lactalbumin protein is fairly stable and that a basal level of synthesis is occurring all the time, or that the luminal contents from different alveoli are able to intermix.
The mammary gland undergoes rapid growth and differentiation before parturition, but it is unlikely that the cell replication is the cause of the observed variations in expression, as lactating cells can enter mitosis. Thus, Traurig (47) reported that [3H]thymidine is incorporated into secreting cells and Hollmann (XI), in an electron microscopic study, noted mitotic figures in lactating cells with a highly organized cytoplasm.
Histologically, one can readily identdy two classes of alveoli (fatty and non-fatty) in the lactating ewe, each divided into two states. The highest level of a-lactalbumin expression is found in thickwalled (collapsed) non-fatty alveoli. A slightly lower level of expression is seen in the distended thin-walled non-fatty alveoli. This may represent an artifact due to increased cell density, but it may be that these alveoli had been recently drained of milk and consequently were initiating more synthesis. These alveoli, with columnartype cells and reduced luminal volume, are characteristic of ''filling" alveoli (23) . A very rapid local feedback may be operating here, controlling the rate of milk production. Globules ranging in size from <I-15 pm can be seen in the secretory cells, but it is not clear whether they are fatty or proteinaceous in nature. In contrast to the situation in the pregnant gland, no expression was seen in the second class of alveoli, the fatty alveoli. The expression patterns of a-SI-casein were similar to those of a-lactalbumin. Lactoferrin, another whey protein and a putative marker of involution (43), was highly expressed in the fatty alveoli and not at all in the alveoli expressing a-lactalbumin. Possibly these fatty alveoli are beginning the process of involution. Measurements of total gland secretions by Schanbacher and Smith (43) show that lactoferrin is present in colostrum, low in normal milk, and very high in the involuted "dry secretion." These changes in lactoferrin concentrations may, however, simply be reflecting the changes in ratios of non-fatty to fatty alveoli as the mammary progresses through the lactation cycle. It was also reported (43) that milk lactoferrin protein is elevated during mastitis and stays elevated when the mastitis is gone. This indicates that lactoferrin production is not necessarily closely linked to involution.
Salazar and Tobo (42) show a photomicrograph of alveoli with very similar histology to those in Figures 2A-2F , which they explain in terms of resting and lactogenic lobules. By our definitions, they would be "fatty" (resting) and "non-fatty" (active); Hollmann (11) agrees that the alveoli may be alternating between the two states. Saacke and Heald (40), however, suggest that these fatty alveoli may be immature. If this were true and the fatty alveoli were a hangover from pregnancy, then one would expect to find some of these alveoli or even just some cells in these alveoli expressing the a-lactalbumin or a-SI-casein gene. The picture is confused somewhat by the observation of Keenan et al. (16) that 10-20% of the epithelium of the bovine lactating gland is less developed, characteristic of undifferentiated cells. His photomicrographs depict an actively lactating alveolus, the cells of which contain many small secretory vesicles, and an undifferentiated alveolus, resembling those we have described as non-fatty collapsed alveoli.
In mice, P-casein production (Day 6 of pregnancy onwards; Mina Bissell and Mackenzie Blackie, personal communication) and a-lactalbumin secretion ( 5 ) are seen in virtually all mammary secre-tory epithelial cells. At a corresponding stage of lactation, the mammary gland of mice is likely to be under a greater relative milk demand than in the sheep studied here, and involuting epithelia are rapidly sloughed off in rodents, whereas this is not significant in bovines and other ruminants (13) . This may account for the different pattem of expression.
Conchaions
Just how we interpret these observations really depends on how lactogenesis actually occurs at the cellular level. Are all lactogenic cells created equal, each synthesizing all products all the time until involution intervenes? As a variation on this, are all milk products produced but in a cyclical manner as the gland fills up and empties? Or do different cells produce different products, e.g., a-lactalbumin or fat, but not both? Current dogma tends to favor the first viewpoint, but we cannot rule out the others. Indeed, depending on which viewpoint we accept, three quite distinct hypotheses can be advanced for the observed a-lactalbumin mRNA expression patterns. First, if all lactating cells are created equal, those alveoli lacking a-lactalbumin "A but containing an abundance of fat would be either resting or regressing. Classical histological studies indicate that the size of the fat globules and the degree of distension of the alveoli are characteristic of cells in the early stages of regression (2 to 14 days) (12, 13, 23) . However, since macrophages are absent from these alveoli it is likely that they are resting rather than regressing. It was of great interest that histologically similar alveoli in discrete and separate lobules showed similar levels of a-lactalbumin expression. The fact that adjacent lobules could express either high or zero levels of a-lactalbumin mRNA emphasizes the exquisitely local control over mammary gene expression and its possible connection with localized milk stasis. Our observations could support those of Keenan and Saacke that milk secretion of a given alveolus appears to be an all-or-none process, suggesting that they are all lactating or all dormant (16.41). Keenan et al. (16) go on to comment that "it is remarkable that neither a mixture of active and inactive cells nor a mixture of cells having different levels of activity is obtained within any particular alveolus," and suggest that the ability of mammary tissue to synthesize progesterone (45), an inhibitor of prolactin (and therefore of milk protein and lactose synthesis) (48) should be considered.
The second hypothesis centers around the possibility that cells express in a cyclical manner, i.e., those alveoli that are full of have just been milked are expressing less a-lactalbumin than those which are "filling up" (the collapsed alveoli). This possibility is supported by the work of Saacke and Heald (40), who concluded that relief of constriction of the perivascular space may be important. Conversely, overall protein production, including that of a-lactalbumin, may be reduced in the distended gland, possibly by an inhibitor such as that isolated by Wilde et al. (49) . Just how this second hypothesis could be tested is not clear, as it requires a method of measuring fluctuating levels of mRNA in localized areas of the mammary gland!
The last hypothesis is based on the notion that there is a demarcation between epithelial cells synthesizing a-lactalbumin mRNA (and the protein) and those synthesizing a large amount of fat. There is some evidence for this hypothesis, in that synthesis of fat is not necessarily coupled to that of protein, as fat globules are present in epithelial cells early in pregnancy (40). Testing for such a demarcation would be relatively straightforward, simply requiring the in situ analysis of sections with probes for a range of milk genes and key genes in fat synthesis (4) or milk fat globule membrane proteins (15) in particular.
What factors could be controlling the varied pattern of a-lactalbumin mRNA expression that we observe? Some years ago, Nolin (3132) reported immunohistochemical studies in rats showing binding of prolactin only to the "active" secretory epithelial cells and not to the "resting" cells of the rat (corresponding to, respectively, the "collapsed" and "distended," "non-fatty" alveoli in our present study). The total cycle time through the various stages was 8 hr (30). Prolactin stimulates milk synthesis (26) and, in particular, is known to increase both transcription and half-life of casein mRNA (6, 9, 37) . Dairy cattle ddfer from beef cattle (suckling vs milking). There are 2.5 times more prolactin receptors in the dairying udder than in the beef udder (17), and there are nearly twice the number of prolactin receptors in the thrice daily-milked half of goat mammary glands than in the twice daily-milked half(24). This may mean that more of the gland is switched on. Possibly, prolactin (binding) exerts the same (regional) influence on a-lactalbumin mRNA transcription. We are presently investigating this possibility. 
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